Carbonic anhydrase 11-deficient mice offer a possibility to study the localization along the nephron of membraneassociated carbonic anhydrase (CA) activity without interference from the cytoplasmic enzyme. We studied the localization of CA in kidneys from CA II-deficient and control mice by immunocytochemistry (CA II) and histochemistry.
Introduction
In 1941, Davenport and Wilhelmi discovered a cytoplasmic carbonic anhydrase (carbonate hydrolyase CA: EC 4.1.1.) in the kidney, which was later isolated and shown to be identical to the erythrocyte isozyme CA 11, a high-activity type of isozyme with respect to hydration of CO2 (Wistrand et al., 1975) . In 1945, Pitts and Alexander proposed that the role of the cytoplasmic enzyme was to facilitate the secretion of hydrogen ions into the urine. When these hydrogen ions titrate filtered bicarbonate in the proximal tubule, H2CO3 is formed and dehydrated in the lumen. In 1957, Berliner suggested that there was a need for a membrane-bound CA on the apical membrane of the proximal tubules to catalyze this dehydration, to avoid steep pH gradients across the luminal membranes. Soon afterwards, biochemical (Wistrand and Kinne, 1977; Maren and Ellison, 1967; Baumann, 1961) and histochemical (Emerholm and Wistrand, 1984; Ridderstrile, 1976 Ridderstrile, ,1980 Hansson, 1967; Hausler, 1958) limb, and basolatetal membranes of late distal tubule. In collecting ducts of control animals, the basolateral fell membranes of intercalated fells were the only clearly stained membranes. In CA 11-deficient animals one type of intercalated cell was stained most intensely at the apical membranes and another only at the basolatetal. We suggest that the former corresponds to Type A intercalated cells secreting H' ions to the luminal side and the latter to Type B cells secreting H ions to the basolateral side. (JHistochem Cyrochem 40:1665- 
1673, 1992)
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CA in the kidney. This isozyme, designated as CA IV, was isolated from human kidneys and purified to homogeneity (Zhu and Sly, 1990; Wistrand and Knuuttila, 1989) . It was found to be a protein different from the cytoplasmic isozymes CA I, 11, and 111, but with substrate and inhibitor kinetics like those of CA I1 (Wistrand and Knuuttila, 1989) . By use of selective inhibitors as physiological tools, CA IV was shown to be responsible for 80% of the reabsorption of bicarbonate in the rat proximal tubule (Lucci et al., 1983) . CA IV is therefore a highly relevant type of CA for the acidification of the urine. It therefore seems important to know the localization of CA IV along the nephron. Histochemical studies with the original cobalt phosphate method (Hansson, 1967) or its variants have indicated its presence in plasma membranes of different types of tubular cells, with great variation of pattern among these cells Iijnnerholm and Ridderstrile, 1980; Ridderstrile, 1976 Ridderstrile, ,1980 . However, the results of such studies are difficult to evaluate because the resolution of the method does not allow the differentiation between a precipitate formed through the activity of a cytoplasmic enzyme close to or adhered to the inside of the membrane and a precipitate formed from the activity of an integral membrane enzyme. This is also true if electron microscopic visualization of the precipitate is used (Ltinnerholm and Ridderstrile, 1980; Ridderstrkle, 1980) . The recently introduced animal model of CA 11 deficiency ( h i s et al., 1988) offers a possibility to localize the membrane-bound
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CA in the kidney without influence from the cytoplasmic enzyme. With the histochemical technique and CA 11-deficient mice, we have therefore reinvestigated the distribution of membraneassociated CA activity in the mouse kidney.
Outer
Materials and Methods
Animals. Two CA 11-deficient female mice (F1 progeny C57BLi6J x DBA/2J) that were homozygous for the Car 2b mutation (CAD) were used. They lacked the CA I1 protein in their tissues as tested by immunodiffusion (Lewis et al., 1988) . These mice are smaller than their siblings and appear to have an acidification defect in the distal tubules (Brechue et al., 1991) . As controls, two normal black female mice of the C57BL/6J strain were used. The animals were anesthetized with sodium pentobarbital and perfusion-fixed with 5 % paraformaldehyde through the left ventricle of the heart. The whole animal was stored in the fixative at 4°C for 10 days before being processed for histochemical analysis.
Preparation of Tissue for Microscopy. After fixation, 1-2 mm thick sections of the whole kidney were cut transversely, dehydrated through graded ethanols, and embedded in the water-soluble resin Historesin for histochemistry, as described by Ridderstrile (1976 Ridderstrile ( ,1991 . Other slices were embedded in paraffin for immunohistochemical staining.
Histochemical Demonstration of CA Activity. The cobalt phosphate histochemical method of Hansson (1967) was used in the modified form described by Ridderstrile (1976 Ridderstrile ( ,1991 . From each animal, 2-pm thick sections were cut from two different tissue blocks reaching from the cortex to the papilla. The sections were incubated for 3 or 6 min floating on the surface of an incubation medium containing 157 mM NaHCO3, 3.5 mM cos04, 11.7 mM KH2P04, and 52.6 mM H2S04. After incubation the sections were rinsed on 0.67 mM phosphate buffer, pH 5.9, for 1 min, treated with 0.5% (NH& for 3 min. and finally rinsed in two successive baths of distilled water, 1 min each. Throughout the work, the staining procedure was checked by incubation of sections in the presence of 10 FM acetazolamide, a specific inhibitor of CA I1 and CA IV. Some sections were counterstained with azure blue.
Photomicrographs of sections of CA 11-deficient and normal mice were taken under identical conditions with a Nikon Microphot-EA. All micrographs presented are taken from sections incubated for 6 min and weakly counterstained with azure blue.
Immunohistochemical Demonstration of CA U. Polyclonal antiserum against CA I1 was raised in New Zealand White rabbits against the rat erythrocyte isozyme CA 11, using standard immunological procedures. The erythrocyte enzyme is identical to the renal enzyme and was purified to homogeneity as described by Wistrand and Wihlstrand (1977) . The specificity of the antiserum for CA I1 was determined by immunodiffusion. It was found to crossreact with mouse erythrocyte CA 11. The antiserum was tested as serial dilutions in PBS from 1:lO to 1:10000.
Sections 3-5 pm thick were put onto gelatin-coated glass slides, deparaffinized, and rehydrated through xylol and graded ethanols. The sections were exposed to specific or nonspecific (control) antiserum. The sites of CA I1 were visualized by the avidin-biotin-peroxidase (ABC) tech- control experiments endogenous biotin was blocked, using a blocking kit from the manufacturer. mice (Figure 1A) showing the distribution of membrane-associated CA activity and of normal mice (Figure 1B) showing in addition
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the distribution of cytoplasmic enzyme. The nomenclature used for the different parts of the kidney tubules is mainly that pro-The results are summarized in diagrams of kidneys of CA 11-deficient posed by Tisher (1981) . 
CA II-deficient Mice
The kidneys of the two mice studied appeared the same.
Immunohistochemistry. The immunostaining indicated lack of CA I1 in all cells along the kidney tubules and in the interstitium.
Histochemistry. There was no staining of glomeruli or vascular endothelium. The cytoplasm was unstained in all tubular and duct cells.
Intense staining associated with the basolateral and apical plasma membranes was seen in the proximal convoluted tubule (Figure 2). No staining was found in the last part of the proximal tubule in cortex and outer stripe of medulla.
The cells of the thin limb of Henle in the outer third of the inner stripe had a dome-like shape with smooth membranes, which were weakly stained, and invaginated membranes in the low part of the cells, which were strongly stained (Figure 3) . The cells of the remaining part of the thin limb were thin and flat and were unstained.
Heavy staining was found associated with the apical cell membrane and the basolateral cell membrane invaginations of the thick limb of Henle (Figure 3 ) from its beginning in the inner stripe to the transition into distal tubule after macula densa (Figure 2 ). In the apical part of the cells, small intensely stained vesicles were seen. Strong staining was seen at the apical membranes of the cells of macula densa (Figure 4) , whereas their basolateral cell membranes were unstained.
The first part of the distal tubule was unstained (Figures 2 and  4) . Later, cells with a distinct staining of the basal cell membrane invaginations started to appear, and in the last part all cells were similarly stained (Figure 5) . The apical membranes of the cells of this region were always unstained. There was no sharp boundary between the distal tubule and the initial collecting duct. Therefore, in the latter part of the distal tubules, single intercalated cells (IC) with intensely stained basolateral membranes were found.
In the initial collecting tubule there was an increase in the number of IC cells at the same time that the typical distal cells disappeared.
The cells of the cortical and outer medullary collecting duct ( Figure 6 ) contained two types of IC cells. The most frequent type had strong staining, especially at the apical cell membranes and weaker at the basolateral. Small stained vesicles were present in the apical cytoplasm. The other type had strong staining only at the basolateral membranes. The IC were not as different in shape from the principal cells as in the control animals. This and the absence of cytoplasmic staining made the distinction of principal cells somewhat diffuse. The principal cells were unstained or only weakly stained at the apical membranes.
In the collecting duct from the middle of the inner stripe no typical IC cells could be distinguished. All cells were of a similar size and the membrane staining was most intense at the apical membranes (Figure 7) . Some cells also had basolateral membrane staining and a few unstained cells could be seen. In this part of the collecting duct, cells with small stained vesicles in the cytoplasm were present. The staining disappeared gradually and the ducts in the inner half of the inner zone were unstained.
Normal Mice
Immunohistochemistry. The glomeruli, the thin limb of Henle, the distal convoluted tubules, and the collecting ducts close to the papilla were unstained.
Most cells of the first part of the proximal tubule exhibited a weak cytoplasmic and nuclear CA I1 staining, whereas those of the last part in the cortex through the outer stripe were unstained. The cells of the thick limb of Henle showed faint staining of the cytoplasm and of the nuclei (Figure 8 ). which decreased somewhat in the cortex.
The many IC cells of the initial collecting tubule showed an intense staining throughout the cells, including the nuclei of some but not all cells. The surrounding cells were either unstained or weakly stained.
In the collecting duct the IC cells were intensely stained, including most nuclei. The principal cells were somewhat less strongly stained (Figure 8 ), and the nuclei were weakly stained in certain cells. In the inner zone of the medulla the staining intensity of the principal cells was reduced and the number of IC cells decreased.
Histochemistry. The membrane staining of the tubules of the normal animals was similar to that of the CA 11-deficient animals in proximal convoluted tubule, thin and thick limbs of Henle, and the last part of the distal tubule. In addition, there was clear histochemical staining of the cytoplasm and nuclei of the cells of the first part of the proximal tubule and of both the medullary and cortical parts of the thick limb of Henle.
The IC cells of the initial collecting tubule were large and frequent in number; they protruded into the lumen and showed strong basolateral cell membrane staining. The cytoplasm and nuclei were also intensely stained (Figure 9) , which made it difficult to evaluate the presence of apical membrane staining in these cells. The surrounding cells showed the same morphology and staining pattern as the late distal tubular cells.
In the collecting duct ( Figure 10 ) only two cell types could be distinguished, IC cells and principal cells. The IC cells were similar to those of the initial collecting tubule, with strong cytoplasmic, nuclear, and basolateral membrane staining. The principal cells were smaller than the IC cells and therefore easy to distinguish. They had strong nuclear and cytoplasmic staining, which hampered the evaluation of any membrane staining. No strong membrane staining was observed. In the outer part of the inner zone the principal cells became unstained and the IC cells smaller, with staining visible mostly at the basolateral membranes and occasionally at the apical membranes.
Discussion
Normal Mice
The black control mouse exhibited histochemically the same dis-tribution of CA activity along the nephron as was previously found for the Swiss white mouse Ishizaki, 1969) . However, the heavy cytoplasmic staining often made it difficult to evaluate the membrane staining in the principal cells and at the apical membranes of the IC cells. The histochemical localization of CA in the mouse kidney is quite similar to that of the Sprague-Dawley rat (Lannerholm and Ridderstrile, 1980) , except at two locations. The mouse lacks staining for CA activity in the last part of the proximal tubule, where it is present in the rat, and in the first part of the thin limb, where the mouse has membrane staining and the rat cytoplasmic. The immunohistochemical distribution of CA I1 protein in our control mice was similar to that reported in Sprague-Dawley rats (Kim et al., 1990; Nitta et al., 1989; Holthofer et al., 1987; Brown et al., 1982 Brown et al., ,1983 Spicer et al., 1979) and in Lew/Mol rats (Lannerholm et al., 1986) .
In comparison, the rabbit has remarkably less CA in the kidney tubules, since both the thin and thick limbs of Henle, the distal tubule, and the principal cells of the collecting duct lack CA activity . The staining of the IC cells in initial collecting tubule and collecting duct agree with that found in mouse. However, the distribution of IC cells along the collecting duct is different from that of mouse and rat. The IC cells lose their typical shape and become less frequent in the outer stripe of the medulla. In the inner zone of the medulla all cells have an intense CA apical membrane staining, which decreases towards the papilla (Ridderstrile et al., 1988) .
The role of CA in the various portions of the nephron of different species has been well reviewed (Koeppen et al., 1985; Rosen, 1972) . Functional studies of the mouse nephron are, however, relatively sparse. Friedman and Andreoli (1981) found that the cortical thick ascending limb has a bicarbonatedependent NaCl absorption system, sensitive to inhibition by ethoxzolamide, a CA inhibitor, indicating the presence of CA in this portion of the nephron. This would tally with our finding of CA activity at the luminal and basolateral membranes of this renal segment. It is therefore remarkable that Hebert et al. (1981) found that the COzIHCOj system is not involved in the NaCl transport in the medullary part of the thick ascending limb where we, in agreement with the findings of , observed both cytosolic and membrane staining.
CA 11-deficient Mice
There was no immunocytochemical evidence of CA I1 in the kidney or other organs of these mice (Spicer et al., 1989 ; and unpublished immunohistochemical results by the authors). This agrees with the results of Lewis et al. (1988) , who by use of immunodiffusion and Southern blot techniques found no CA I1 protein and mRNA in homogenized tissues of such mice. The cytoplasm and nuclei of the tubular cells also lack histochemical CA activity, confirming previous reports (Lannerholm et al., 1986; Wistrand and Wihlstrand. 1977 ) that CA I1 is the only cytoplasmic isozyme of renal tubular cells. Our findings also indicate that the nuclear staining found in the normal mice is linked to the presence of CA I1 in the cytoplasm.
The distribution of the membrane-associated CA activity was more easily evaluated in the CA 11-deficient mice. The histochem- ical finding of membrane-associated CA activity corresponds with the biochemical finding of CA activity in the particulate fractions of homogenized kidneys of such mice (Brechue et al., 1991) .
The distribution of membrane-associated CA was similar in defcient animals and control animals, except at two locations. First, many cells of the thick limb and collecting duct contained small, intensely stained vesicles in the cytoplasm, which were not observed in normal animals. This may be due to the fairly heavy diffuse cytoplasmic stain in these cells, which may have made any such vesicles difficult to see. However, the possibility cannot be excluded that they are absent in normal animals. In any case, the finding of organelles with membrane staining in the cytoplasm of CA IIfree cells is of interest.
Second, in normal mice the IC cells of the collecting duct undoubtedly showed an enhanced staining of the basolateral cell membranes. Such cells were present also in the inner medulla. In the CA 11-deficient animals, however, there were IC cells that also had a strong apical membrane stain. In the medulla, all cells of the collecting duct showed apical membrane staining (compare Figures  1A and 1B ).
These differences could be due to the acidotic state of the CA 11-deficient mice (Brechue et al., 1991) . In rat, acidosis has been shown (Madsen and Tisher, 1984) to give an increase in the surface density of the luminal plasma membrane of the proton-secreting IC cells, the so-called Type A IC cells, in the collecting ducts. The A-cells have an apical plasma membrane proton-pumping ATPase (Brown et al., 1988) and are rich in cytoplasmic CA I1 (Kim et al., 1990) .
In the cortical collecting duct of the CA 11-deficient mice, the IC cells with apical CA activity could correspond to the Type A IC cells in the rat. The IC cells with basolateral staining may represent the so-called Type B IC cells, which supposedly secrete bicarbonate to the lumen (Madsen and Tisher, 1986) . This indicates that the membrane-bound carbonic anhydrase is co-localized and functions together with WATPase in this kidney tubule.
Physiological experiments (Star et al., 1987) , showing that a CA inhibitor in the lumen induces an acid disequilibrium pH in the inner stripe of the outer medullary collecting ducts in rabbit, strongly indicate the presence of a lumen-facing, membrane-bound CA in this part of the collecting duct. These results agree with the histochemical findings (Ridderstrile et al.. 1988) of CA in apical membranes of collecting ducts in the inner stripe of the outer medulla of the rabbit. The presence of apical membrane staining in the inner medullary ducts indicates a similar function of this part. This may also be the case in the CA 11-deficient mouse, which shows a similar distribution of CA in the medulla. In the control mouse the staining pattern is more like the one found in rat, but here the cytoplasmic staining obscures the evaluation of apical membrane staining. However, CA is histochemically absent from the terminal parts of inner medullary ducts in both species. This is in agreement with the results from physiological measurements in rat inner medullary collecting ducts (Wall et al., 1991) .
The histochemical localization of CA activity in the cell membranes only partly corresponds with the immunolocalization of CA IV in rat (Brown et al., 1990) and human kidneys (Liinnerholm and Wistrand, 1991) . Thus, in the rat, CA IV was localized in the apical and basolateral membranes of the proximal convoluted tubule and in the basolateral membrane of the thick ascending limb, but not in the IC cells of the collecting ducts. In the human kidney, clear staining of CA IV was found in the apical cell borders of some cells in the cortical and medullary segments of the collecting ducts, and in the basolateral regions in the proximal convoluted tubules. No staining was found in the brush border of the same proximal tubules. Histochemically, the distribution of membranebound enzyme activity in these portions of the nephron is similar in human (Liinnerholm and Wistrand, 1984) and rat (Liinnerholm and Ridderstrile, 1980) . One explanation for this discrepancy could be that the membrane-bound enzyme has a different structure dependent on the type of epithelial cell or on the localization to apical or basolateral membranes. It is known (Zhu and Sly, 1990 ) that at least part of CA IV is attached to brush-border membranes by a phosphatidylinositol-glycan (PIG) anchor, an association typical for apical membranes but not for basolateral membranes (Lisanti and Rodriguez-Boulan, 1990) . Therefore, the enzyme in the latter membranes must be anchored differently and may therefore have a different struc-ture from that of the apical enzyme. Antibodies could therefore differ with respect to affinities for the enzyme in the basolateral and apical membranes, somewhat analogous to the immunological difference between the HCOjICI-exchangers in these membranes (cf. Schuster and Stokes, 1987) . However, disregarding this ambiguity of the immunohistochemical data, the histochemical findings of CA activity in the membranes should be the relevant ones from a physiological point of view.
